The electrochemical conversion of carbon dioxide (CO2), especially when driven by electricity from renewable sources, is considered a viable route to sustainably produce fuels or chemical feedstocks, such as methanol, methane or carbon monoxide (CO). 1 The complex [Re(2,2'-bipyridine)(CO)3Cl] and its derivatives are a well-explored type of molecular catalyst operating with high efficiency for the selective reduction of CO2 to CO. [2][3][4] Recent advances in this field include their integration with solid-state supports to prepare hybrid CO2-reducing electrodes or materials. [5][6][7][8][9] Moving from homogeneous to heterogenized systems has added benefits, such as simplifying recyclability and product separation, directing product selectivity, 10 as well as improving catalyst stability by disfavoring deactivation pathways.
The electrochemical conversion of carbon dioxide (CO2), especially when driven by electricity from renewable sources, is considered a viable route to sustainably produce fuels or chemical feedstocks, such as methanol, methane or carbon monoxide (CO). 1 The complex [Re(2,2'-bipyridine)(CO)3Cl] and its derivatives are a well-explored type of molecular catalyst operating with high efficiency for the selective reduction of CO2 to CO. [2] [3] [4] Recent advances in this field include their integration with solid-state supports to prepare hybrid CO2-reducing electrodes or materials. [5] [6] [7] [8] [9] Moving from homogeneous to heterogenized systems has added benefits, such as simplifying recyclability and product separation, directing product selectivity, 10 as well as improving catalyst stability by disfavoring deactivation pathways. 11 In general, complexes can be immobilized either via non-covalent interactions, 8, 10 or by forming a covalent bond between the (pre-modified) surface of a material and a peripheral functional group on the ligand framework. 6, [12] [13] Grafting via the electrochemical oxidation of an amino moiety has been commonly used for anchoring of small molecules to carbon materials by the formation of a C-N bond. 14 
This method has
recently been applied to bind a Re and Mn bipyridine complex to glassy carbon; however, this approach only yielded low catalyst loadings and unstable hybrid electrodes. 15 Herein, we report the synthesis of the complex [Re(4-(4-aminophenethyl)-4'-methyl-2,2'-bipyridine)(CO)3Cl] ([Re(NH2-bpy)]) and its covalent tethering to nanoporous colloid-imprinted carbon (CIC) electrodes via the oxidation of its amino group generating hybrid electrodes with improved stability and higher catalyst loading when directly compared to flat glassy carbon electrodes.
The complex [Re(NH2-bpy)] was synthesized from commercially available starting materials in three steps (Scheme S1, see SI for experimental details and characterization). Reacting 4-nitrobenzylbromide with deprotonated 4,4'-dimethyl-2,2'-bipyridine, followed by reduction of the nitro moiety, afforded the aminophenethyl substituted bipyridine ligand (NH2-bpy). The complex [Re(NH2-bpy)] was obtained by heating NH2-bpy with Re(CO)5Cl in toluene, and it was characterized by high-resolution mass spectrometry, 1 H and 13 C NMR, as well as IR spectroscopy. Single crystal X-Ray diffractometry revealed the presence of both possible isomers in the solid-state with octahedral coordination of Re and a typical facial arrangement of the three carbonyl ligands ( Figure 1 , Table S1 ), as also evident by IR spectroscopy (see SI).
Electrochemical responses of [Re(NH2-bpy)] were recorded in dry ACN under argon using tetrabutylammonium hexafluorophosphate (TBAPF6, 0.1 M) as the supporting electrolyte and a glassy carbon disk as the working electrode. The cyclic voltamogramm (CV) featured a reversible one-electron and then a quasi-irreversible one-electron reduction reaction at Ep = -1.87 and -2.13 V vs. Fc + /Fc, which have been previously assigned to ligand-and metal-based reduction processes, respectively ( Figure S1 ). 16 These values closely resemble those obtained for the unmodified parent complex [Re(4,4'-dimethyl-2,2'-bipyridine)(CO)3Cl] ([Re(dmbpy)]) (Table S2) , 2 which would be expected due to minimal impact of the additional aminobenzyl group on the electronic properties of the bipyridine ligand. A scan-rate dependent analysis for the first reduction event further confirmed a diffusion-controlled redox process ( Figure S1 ). In a CO2-saturated solution, a catalytic reduction wave was observed at a half-wave potential Ecat/2 = -2.09 Figure S1 ). The ratio between the peak current under catalytic (icat) and inert conditions (ipc; cathodic current of first reduction wave) allowed for an initial assessment of catalytic activity. An icat/ipc ratio of 6.3 was obtained for [Re(NH2-bpy)] vs. 10.7 for [Re(dmbpy)] under the same experimental conditions, indicating a somewhat lower CO2 reduction activity for the amino-substituted complex (Table   S2 ). When increasing the scan rate until a plateau was reached for icat under CO2 atmosphere (i.e., achieving "pure kinetic conditions"), the rate constant, kcat, could be determined from the icat/ipc ratio (see SI for equation). [18] [19] Rate constants of kcat = 3910 s (Table S3) .
The amino group in [Re(NH2-bpy)] enables oxidative electrochemical grafting onto carbon electrode surfaces. 21 We explored glassy carbon and colloid-imprinted carbon particles (CICs) as conductive support materials. CICs are a type of nanoporous carbon with a high surface area and tunable pore sizes, 22 and they have been studied as electrode or support materials in fuels cells. [23] [24] To the best of our knowledge, CICs have not been applied in the context of CO2 reduction with molecular catalysts. The CICs used herein were prepared using a silica template method, leading to nanoporous particles with a BET-surface area of
and an average spherical pore diameter of d = 71 nm.
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The large surface area provided by the CIC particles should enable a higher loading per geometrical electrode area to be obtained in comparison to the smooth glassy carbon surface, and the pores should be large enough to allow for good mass transport within the porous structure. Briefly, CIC electrodes were prepared by drop-casting an ink containing CIC particles and Nafion as a binder in ethanol onto a glassy carbon disk (see SI for further experimental details on CIC particles and electrode preparation).
To graft the complex to the carbon surface, multiple CVs of the complex were recorded in ACN/TBAPF6 and a broader peak at approx. 1900 cm -1 , which are both also observed in the ATR IR spectrum of solid [Re(NH2-bpy)], and were assigned to the fac-CO ligand stretches ( Figure S6 ). The XPS data showed the presence of Re at binding energies of 44.2 and 41.8 eV, which can be assigned as Re4f5/2 and Re4f7/2 levels, respectively Table S4, Figure S7 and S9). ). Taking into account SBET, a surface coverage of 10% was estimated for the CIC electrodes. It should be noted that SBET does not necessarily represent the electrochemically accessible surface area in this case, and the estimated coverages should be interpreted as reflecting a lower limit.
The peak current density, jp, showed a linear dependency on the scan rate, v, confirming the presence of an adsorbed Re complex as opposed to a species freely diffusing in solution ( Figure 2A , inset and Figure   S13 ).
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Experiments with [Re(dmbpy)] or in the absence of base provided evidence that the Re complex was not simply trapped in the nanoporous carbon network ( Figure S14 and S15). The initial (~60 cycles) apparent increase in coverage of the complex (Figure 2 ) was attributed to changes in the background current, most likely caused by the parallel reduction of residual solvent impurities (e.g. ethanol or ipropanol) present inside the catalyst layer from electrode preparation. Under Ar atmosphere, the coverage was stable afterwards, which is a marked improvement as compared to what is observed on glassy carbon (Figure 2 ). In order to elucidate the potential role of Nafion in the CIC ink on the apparent stability, an additional layer of Nafion was added on top of the complex on the glassy carbon electrode.
However, no further improvement in the stability of [Re(NH2-bpy)] on the glassy carbon surface (Figure S16-S18) was observed, suggesting that Nafion is not simply functioning as a protective layer for the complex. When holding the potential at Ecat/2 in a closed cell, CO was detected as the only product by GC with a FE of 92 ± 6% and an estimated Re-based turnover number of approx. 900 when taking into account the catalyst loading on the CIC electrodes (vide supra). No CO or H2 was detected for CIC electrodes without any Re complex present (Table S3 ). Initially, current densities of up to -15 mA cm -2 were reached under CO2; however, currents dropped quickly within the first five minutes of CPE or when running consecutive CV scans ( Figure S19 ). A similar decrease in currents under catalytic conditions has been previously observed for grafted molecular CO2 reduction catalysts on carbon surfaces but the exact cause has not been elucidated. 5, 12, 15 A recent study by Marinescu et al. on a [Re(bpy)] complex polymerized onto various substrates concluded that partial leaching of the molecule into the electrolyte solution and structural rearrangement within the catalyst layer were the major factors contributing to the decrease in current densities and deactivation of the catalyst, respectively. 9 Despite the fact that the oxidation of amines has been frequently reported to result in stable derivatization of carbon surfaces, electrodes have generally been probed under less reducing conditions than required for CO2 reduction in organic media. We further studied the stability of CIC|[Re(NH2-bpy)] by testing the electrodes under various conditions in the presence of moisture or air. The modified electrodes were stable when stored under Ar, and remained unchanged after exposure to air ( Figure S20 ). Approx. 20% of complex desorbed when storing electrodes in dry or wet ACN for three days, but no further loss was observed in subsequent electrochemical stability tests in dry ACN/TBAPF6 electrolyte solution ( Figure S16 ). When CVs were recorded in wet ACN under argon on the bench, the complex-related redox features decreased over time with the coverage dropping by over 50% within the first 100 scans ( Figure 2B , blue trace). Hence, we suggest that the observed instability is caused by an electrochemically induced hydrolysis or degradation process triggering breakage of the C-N bond between the carbon surface and the Re complex or in the proximity thereof.
In conclusion, we have described a hybrid electrode for selective CO2 reduction based on a [Re(bpy)] catalyst tethered to a nanoporous colloid-imprinted carbon electrode for the first time. Further investigations are underway to elucidate the exact causes for the observed instability under CO2 in order to improve the anchoring of the molecular complex under catalytic conditions. Additional optimization in this context could involve studying other types of CICs with smaller or larger pore sizes, as well as modifying the CIC surface properties prior to catalyst attachment.
ASSOCIATED CONTENT Supporting Information
Experimental details including synthesis and characterization, crystallographic data, supporting figures and tables. 
Experimental Section

Materials and Reagents
Moisture-sensitive reactions were carried out under an argon atmosphere using standard schlenk line techniques. Tetrahydrofuran was dried over activated alumina using a solvent purification system and stored in 500 mL thick-walled glass vessels over sodium/benzophenone ketal. Acetonitrile was dried over CaH2. All solvents were degassed and vacuum distilled prior to use. [Re(dmbpy)(CO)3Cl] was prepared according to literature procedure. Carbon particles (colloid-imprinted carbon, CIC) were synthesized following a published procedure.
1 Diisopropylamine (Sigma-Aldrich) was distilled from CaH2 under argon and freeze-pump-thaw degassed. A solution of Nafion (15 wt%, LIQUION, Ion Power) in a water/alcohol mixture (45/40, in wt%) was used for carbon electrode preparation (CIC ink). Re(CO)5Cl was purchased from Strem Chemicals Inc., stored in a glovebox, but otherwise used as received. All other reagents were purchased from commercial suppliers and used as received.
Electrochemistry
All electrochemical measurements were performed on a CHI 660D or 660E potentiostat at room 
Electrode preparation
Glassy carbon disks (3 mm, PEEK-encased, BaSi) and glassy carbon plates (Alfa Aesar, type 1, thickness = 2 mm) were polished before each experiments using 0.3 μm alumina paste on a microfiber cloth. For solution experiments, the glassy carbon disks were cleaned between each cyclic voltammetry run. CICmodified working electrodes were prepared by drop-casting 3 x 2μL of a CIC-containing ink onto a cleaned glassy carbon disk (3 mm), and then left to dry in air. The ink contains 4 mg of CIC, which were suspended in 2.5 mL absolute ethanol containing 10 μL of Nafion (15 wt%) by sonication for 30 min.
Electrochemical grafting
Electrodes 
Gas chromatography
The gas chromatograph (GC, Agilent 7890B Series) was equipped with a PoraPlot Q and PLOT molecular sieve (5 Å) column (oven temperature 60-120 °C) and a VICI pulse discharge Helium ionization detector (PDHID). Helium (5.0) was used as carrier gas at a flow rate of approx. 5 mL min -1
. The GC was calibrated in regular intervals with known CO2-balanced gas mixtures containing H2 and CO. All experiments were performed at least in triplicate (unless otherwise noted). See below for statistical analysis.
IR spectroscopy
Infrared spectra were recorded on an Agilent Cary 630 FT-IR spectromether with a DialPath setup (solution samples). A background of ACN was recorded prior to measuring the Re complex (3 mM in acetonitrile).
Spectra were averaged over 145 scans with a resolution of 4 cm 
X-Ray photoelectron (XP) spectroscopy
XP spectra were collected using a Kratos AXIS Ultra DLD system equipped with a Al source. Initial survey scans were conducted to identify elements on the surface. High-resolution spectra were then collected for specific elements of interest. The XPS data were analyzed using the CasaXPS software and binding energies for elements are reported in eV. Peak profiles were fitted with Gaussian-Lorentzian (GL) line shape (GL90(T1) for Re, GL50 for all other elements).
Other physical measurements
Elemental analyses and high-resolution mass spectra were obtained at the Instrumentation Facility in the Department of Chemistry, University of Calgary. Mass spectra were recorded in methanol (organic compounds) or acetonitrile (Re complex).
Data analysis/handling
Experiments were performed at least in triplicate (unless otherwise noted), and the mean values and standard deviations (error) are reported.
where xu = unweighted mean value, xi = observations, n = number of observations and σ = standard deviation. 11 The synthesis of the CIC powders was carried out using previously published procedures, [12] [13] [14] [15] [16] but with a few modifications. A colloidal silica suspension (NexSil 125-40, with a particle size of 70 to 90 nm) was dried in a fumehood at room temperature and then ground, followed by drying at 125 °C in air overnight.
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Synthesis of colloid-imprinted carbon (CIC) powders
The silica powders were then mixed with mesophase pitch (MP; Momentum Materials). The resulting mixture was heated at 400 °C for 2 h, then cooled to room temperature, followed by carbonization at 900 °C for 2 h (all under N2 and using a heating rate of 5 °C min -1 ). The solid product was refluxed in a 3 M NaOH solution for at least 24 hours to remove the SiO2 template and to form the nanopores. Finally, the product was washed with diluted hydrochloric acid and then water until filtrate remained neutral. The obtained powder was dried at 80 °C in air overnight.
Synthesis of 4-(4-nitrophenethyl)-4'-methyl-2,2'-bipyridine (NO2-bpy)
Diisopropylamine (478 μL, 3.6 mmol) was dissolved in dry THF (20 mL) at -78 °C (dry ice/acetone) under an Ar atomosphere, and n-butyllithium (1.6 M in hexane, 2.34 mL, 3.74 mmol) was added. The solution was stirred at -78 °C for 15 min, and a solution of 4,4'-dimethyl bipyridine (600 mg, 3.2 mmol) in dry THF (50 mL) was added dropwise to the freshly prepared LDA solution. After stirring the dark red-brown mixture for 30 min at -78 °C, a solution of 4-nitrobenzyl bromide (842 mg, 3.9 mmol) in dry THF (20 mL) was added quickly. The colour of the reaction mixture changed from brown to green and then orange.
The mixture was stirred at -78 °C for an additional hour, then allowed to warm up to room temperature overnight. The reaction was quenched with methanol (20 mL) and concentrated under reduced pressure.
The crude mixture was dissolved in dichloromethane (40 mL) and extracted with water (2 x 20 mL). The organic layer was dried over MgSO4 and the solvent evaporated to dryness. The crude product was S8 purified by column chromatography on neutral alumina (ethyl acetate:hexane = 2:8) to yield the nitrophenethyl substituted bipyridine NO2-bpy as an off-white solid (210 mg, 0.66 mmol, 22%). 
Synthesis of 4-(4-aminophenethyl)-4'-methyl-2,2'-bipyridine (NH2-bpy)
NO2-bpy (280 mg, 0.88 mmol) was dissolved in ethanol (25 mL). Pd on carbon (88 mg, 10 mol%) was added and the mixture heated to reflux. After 15 minutes, H2NNH2·H2O (65%, 770 μL, 17.6 mmol) was added and the reaction mixture refluxed for 2 h. After cooling down to room temperature, the mixture was filtered through celite and concentrated to dryness to afford NH2-bpy as an off-white solid (230 mg, 0.80 mmol, 90%). 
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